Abstract. We use Monte Carlo simulations to study multicritical properties of an Ising metamagnet in an external field. According to the mean field theory predictions, a threedimensional layered metamagnet is expected to display a tricritical point decomposition to a critical endpoint and a bicritical endpoint, when a ratio between intralayer ferromagnetic and interlayer antiferromagnetic couplings becomes sufficiently small. Our simulations show no evidence of such a decomposition and produce a tricritical behaviour even for a coupling ratio as small as R = 0.01. P ACS codes: 75.10. Hk; 75.30.Kz; 75.40.Cx; 75.40.Mg; 75.50.Ee. 
1.Introduction
Ising metamagnets, systems with ferromagnetic and antiferromagnetic couplings simultaneously present, have attracted much interest because it is possible to induce novel kinds of critical behaviour by forcing competition between these couplings, in particular by applying a magnetic field. They are generally believed to exhibit a tricritical point (TCP) which separates a second-order phase transition at high temperatures and low fields from a firstorder phase transition at low temperatures and high fields (Fig.1a) . Although this picture has in principle been confirmed experimentally 1 , some ambiguities concerning the tricritical behaviour still remain. In particular, the mean-field theory 2 (MFT) predicts splitting of the TCP into a critical endpoint (CE) and a bicritical endpoint (BCE) (as shown in Fig.1b ), if the ratio between total intrasublattice ferromagnetic and total intersublattice antiferromagnetic couplings is sufficiently small. Such a way, for example, if we increased the field at any temperature between T CE and T BCE , the system would first undergo a first-order transition from an antiferromagnetic phase to a generally different antiferromagnetic phase, and then a second-order transition to a paramagnetic phase. Since, as we know, the MFT neglects fluctuations, which could destroy this "middle" phase, some more sophisticated methods have been employed to give an answer to the question of whether the kind of phase diagram shown in Fig.1b Although they failed to confirm the decomposition of the TCP, they quite convincingly showed the existence of anomalies of the magnetization and the specific heat, which could be associated with the decomposition. These anomalies were attributed to the effectively weak ferromagnetic intralayer interaction and the high interlayer coordination -features present in the real compound.
In this paper, we perform high precision MC simulations and provide convincing evidence of the stability of the tricritical point in the three-dimensional meta − model of an Ising metamagnet for R ≥ 0.01. Such a way, we show that merely weak, or even extremely weak, ferromagnetic intralayer interaction should not cause decomposition of the TCP, as predicted by the MFT. Hence, in light of the previous results obtained for FeBr 2 , the high interlayer coordination, which is present in the real compound but absent in our model, seems to be of crucial importance in producing of such a decomposition, if it really takes place.
2.Model and simulation technique
The considered system is the spin-
Ising metamagnet described by the Hamiltonian
where s i = ±1 is an Ising spin, < i, j > and < i, k > denote the sum over nearest neighbors in the plane and in adjacent planes, respectively, and h is an external magnetic field. We choose J 1 > 0 and J 2 < 0 so that each of the planes is ferromagnetic, but antiferromagnetically coupled to adjacent planes.
According to the MFT scenario, it is only the ratio R = z 1 J 1 /z 2 |J 2 |, where z 1 and z 2 are numbers of nearest neighbors of the site i in the plane and adjacent planes, respectively, which determines the phase diagram. While for R >
i.e. it should display a TCP with tricritical exponents α t = 1 2
the TCP is expected to split up into a CE and a BCE, as shown in Fig.1b . Then, in the latter case, both the CE and the BCE should probably keep usual three-dimensional critical exponents: α ≈ 0.11, β ≈ 0.32, γ ≈ 1.24. At R = 3 5 the MFT predicts a four-order critical point with yet different set of exponents.
We have performed MC simulations on simple cubic lattice samples of linear sizes ranging from L = 16 to L= 40, assuming the periodic boundary condition throughout. We used an antiferromagnetic initial spin configuration at low temperatures and the field not exceeding the critical value h c (p) = pz 2 |J 2 |, and a ferromagnetic one at high temperatures. As we moved in the temperature-field (T, h) space, we used the last spin configuration as an input for calculation at the next point. Spin updating followed a Metropolis dynamics. Averages were calculated using at most 25,000 Monte Carlo steps per spin (MCS/s) after equilibrating over another 5,000 to 10,000 MCS/s. Since we focused on the tricritical region, which for very small ratios R lies at very low temperatures, in order to prevent huge fluctuations at field-heating and field-cooling processes (the path of measurement would be virtually parallel to the phase boundary), we only performed (h ↑)+(h ↓) loops, i.e. raised and lowered the field at fixed temperature and measured :
the direct and staggered magnetizations m and m s , respectively
where N is a total number of sites, and A, B denote sublattices made up of "spin-up" and "spin-down" planes, respectively, and the corresponding direct and staggered susceptibilities per site χ and χ s , respectively
These quantities were used to determine the nature as well as a location of the transition.
The simulations were performed on the vector supercomputer FUJITSU VPP700/56.
3.Results and discussion
We studied phase transitions of the system for four different values of R: 0.5, 0.2, 0.05 and 0.01, with particular attention paid to the region of the expected TCP. At this stage, judging by the obtained results, we could draw a preliminary conclusion that there is no decomposition of the TCP in this model, at least for R ≥ 0.01. In order to confirm this claim, we picked up the case of R = 0.01 (it is the most likely candidate for the decomposition, if there is any) and investigated it more closely. In particular, we ran additional simulations for lattices of larger L and finally extrapolated to L → ∞. This data presented on a fine scale allowed us to localize the TCP with fairly high accuracy to (k B T t /|J 2 |, h t /|J 2 |) = (0.0150 ± 0.0001, 1.999138 ± 0.000002). Then we examined behaviour of some physical quantities as they approach the TCP. Fig.3 depicts a log-log plot of the direct and staggered susceptibilities vs field near the TCP. While a good fit to a power-low behaviour can be observed in a fairly narrow region quite near the TCP, a more distant region shows a deviation from such a behaviour, probably as a consequence of logarithmic corrections predicted for tricritical point in three dimensions 17 . Nevertheless, slopes of the both lines seem to asymptotically approach the magnitude close to 1 and
for χ st and χ,
respectively. This means, however, that both the staggered and direct susceptibilities take on exponents which are very close to the tricritical ones γ t = 1 and λ t = 1 2 rather than those which characterize an usual critical behaviour. These results just confirm the previous conclusion about non-decomposition of the TCP and put it on firmer ground.
In Fig.4 we depict both the tricritical temperature and the tricritical field vs R. While the tricritical temperature shows a linear dependence over whole range of R, which for a certain smaller range of R was also observed in a diluted nnn − model 18 , the tricritical field displays a slight curvature. As expected, for R → 0, the tricritical temperature moves to zero, while the tricritical field approaches the exact value for the zero-temperature critical
4.Conclusions
We have investigated the possibility of the decomposition of the tricritical point in a three-dimensional layered Ising metamagnet. Since the mean-field theory predicts such a decomposition for small values of the ratio R, we mainly focused on that region. However, we observed only tricritical behaviour with no signs of the decomposition for R ≥ 0.01.
In the case of the smallest value of R = 0.01, where, according to the MFT, the TCP is most likely to decompose, we managed to locate the TCP with a precision of approximately 1% in temperature and 0.0001% in the field. Even for such a small R the analysis of the critical exponents clearly showed tricritical behaviour. Therefore, we conclude that it is very unlikely that the TCP decomposes for any value of R, although some very small possibility of the decomposition for R < 0.01 still remains. Hence, recently found anomalies in FeBr 2 (note that it has relatively high value of R 11,14 ) make us believe that the high interlayer coordination (interlayer superexchange paths present in the real material), supposedly causing the anomalies by inducing local thermal excitations of the second antiferromagnetic phase Vertical bars indicate errors and are only shown when they exceed the sizes of the symbols.
